Superoxide radical anion is a biologically important oxidant that has been linked to tissue injury and inflammation in several diseases. Here we carried out a structure-activity study on six different carboxyfullerene superoxide dismutase (SOD) mimetics with distinct electronic and biophysical characteristics. Neurotoxicity via N-methyl-D-aspartate receptors, which involves intracellular superoxide, was used as a model to evaluate structure-activity relationships between reactivity toward superoxide and neuronal rescue by these drugs. A significant correlation between neuroprotection by carboxyfullerenes and their k i toward superoxide radical was observed.
Superoxide radical is a biologically important reactive oxygen species (ROS) that is proposed to contribute to inflammation, altered cellular metabolism, and tissue injury in diabetes, stroke, cardiovascular disease, and cancer. Specific intracellular targets of superoxide include ras, aconitase, numerous ion channels and transporters, polyunsaturated lipids, and many redox-sensitive transcription factors. [1] [2] [3] However, a full understanding of how superoxide modulates intracellular signaling and gene expression has been hampered by the lack of potent cell-permeable smallmolecule superoxide dismutase (SOD) mimetics. The development of such compounds would provide not only potential therapeutic approaches but also valuable tools to understand the basic biology of ROS and their contribution to pathological states. In the present work we describe the rational design of a new class of SOD mimetics based on malonic acid-derivatized fullerene C 60 compounds that are cell-and mitochondria-permeable. We used N-methyl-Daspartate (NMDA)-mediated neuronal injury as a model paradigm reported to involve intracellular superoxide to carry out these structure-activity studies.
NMDA receptors are members of the superfamily of ligand-gated ion channels that are involved in several important functions in the central nervous system. It is now known that calcium entry through the NMDA receptor channel plays important roles in development and in forms of synaptic plasticity that may underlie higher order processes such as learning and memory. [4] [5] [6] [7] Excitotoxicity associated with overactivation of glutamate receptors, however, has been linked to a number of pathological conditions, ranging from acute insults such as stroke and trauma, to chronic neurodegenerative diseases including Huntington's disease, Parkinson's disease, Alzheimer's disease, and amyotrophic lateral sclerosis. [8] [9] [10] [11] It has been reported that exposure of neurons to NMDA produces higher levels of ROS, probably through the mitochondrial electron transport chain, [12] [13] [14] [15] and previous studies have linked ROS production to NMDAinduced excitotoxic neuronal death. [16] [17] [18] [19] Under physiological conditions, ROS homeostasis is maintained in vivo by the interplay between oxidant production and the antioxidant defense capacity. However, during episodes of oxidative stress, increased free-radical production or reduced antioxidant reserves may shift this balance toward a more pathological state. Because superoxide radical is much less reactive than other ROS, it is sufficiently long-lived to cross cell membranes and reach more vulnerable cellular domains. Consequently, effective targeting of superoxide radical intracellularly is a potentially viable strategy to alleviate pathological conditions attributed to increased oxidative stress. Attempts to develop manganese (Mn)-based SOD mimetics, which can be extremely effective in vitro, were however hampered by the poor membrane penetration of these compounds, 20 whereas nitroxide-based SOD mimetics suffer from very low reactivity toward superoxide 21 and very fast cell clearance. 22 Fullerenes are three-dimensional carbon networks in which the spherical ring strain forces atoms to undergo partial pyramidalization, therefore imparting them with an increased s-orbital character. [23] [24] [25] This has been shown to imbue them with metal-like electronic properties 25 and to result in enhanced reactivity of the outer surface of the fullerene derivative toward electron-rich reagents including oxygen free radicals. 26 In a previous report we introduced evidence that supported a catalytic metalloenzyme-like antioxidant activity of the C3 malonic acid C 60 derivative versus superoxide radical. 26 Our data also suggested that the metal-like properties of fullerene compounds are amenable to targeted modifications to achieve other desirable enzymelike activities. Indeed, C3 was recently shown by our group to decrease brain oxidative stress and therefore to extend life span of mice when chronically administered in their drinking water 27 while improving their cognitive performance. 28 We have also reported that acute C3 treatment rescues a subset of crucial population of inhibitory interneurons that are lost as a result of induced NADPH oxidase activity-that is, increased superoxide levels in the brain of a schizophrenic model mouse. 29 The present work was carried out to provide insight on the rational design of carboxyfullerenes possessing variable chemical and biophysical properties as tools to study the biology of superoxide and as potential therapeutic candidates to ameliorate disease states resulting from oxidative stress. We therefore establish correlations between the specific antioxidant reactivity of carboxyfullerenes, structural features of the compounds (i.e., number and distribution of malonic acid groups over the C 60 surface), and their neuroprotective efficacy against NMDA-induced excitotoxicity in cortical neuronal cultures. The structural requirements for neuronal protection by antioxidant strategies are also discussed in terms of in vitro reactivity toward superoxide radical, drug hydrophilicity, and dipole moment, using other benchmark antioxidants for comparison.
Methods

Chemicals
3-morpholino-sydnonimine hydrochloride (SIN-1), cytochrome c from bovine heart (cyt c III ), SOD from bovine erythrocytes, xanthine, hypoxanthine (HX), xanthine oxidase (XO), and toluene were purchased from Sigma Chemical Co. (St. Louis, Missouri). 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide was obtained from Calbiochem (San Diego, California).
Instrumentation
Spectrophotometric measurements were carried out using an Agilent 8453 Ultraviolet (UV)-visible Spectroscopy System (Agilent Technologies, Santa Clara, California) controlled by UV-visible ChemStation Revision A.09.01 software or a Spectramax 190 plate reader (Molecular Devices, Sunnyvale, California), supported by SOFTmax Pro version 3.1.2. All of the high performance liquid chromatography (HPLC) methods used a Hewlett-Packard/Agilent 1100 series HPLC with a quaternary pump and diode array detector. Electron paramagnetic resonance (EPR) experiments were carried out on Bruker Biospin e-scan benchtop spectrometer (Bruker, Biospin, Billerica, Maine).
Preparation of malonic acid and acetic acid C 60 derivatives C 60 was dissolved in toluene and stirred overnight. Dimethyl bromomalonate was then added, followed by 1,8-diazabicyclo (5.4.0) undec-7-ene. The reaction mixture was stirred for 2 hours and filtered through a pad of silica gel; solvent was removed in vacuo. The product was then chromatographed on a silica gel column (280-400 mesh; Merck, Whitehouse Station, New Jersey) using toluenehexane (1:1 by volume) as eluent. Unreacted C 60 is eluted first. Various malonic acid C 60 esters are then eluted sequentially by gradually stepping up the ratio of toluene to hexane (4:1, then 9:1). Each isomer is observable as a colored band on the column, allowing collection of each fraction separately. Finally, toluene with 5% ethyl acetate is then used to elute the band corresponding to C3, followed by three additional derivatives. Purity of the C 60 malonic ester fractions was monitored by thin-layer chromatography and HPLC. Fractions were evaporated and chromatographed a second time if necessary.
Free acids of the collected esters were then produced by base-catalyzed hydrolysis as described. 28 Esters are dissolved in toluene and purged with nitrogen. Addition of sodium methoxide resulted in precipitation of the corresponding malonic acid products within minutes. The mixture was stirred continuously at room temperature (22°C-25°C) under nitrogen for 1 hour, and then water was added and the mixture was stirred overnight. The malonic acids partition into the aqueous phase. The layers were separated, and the aqueous layer chilled and acidified with 20% sulfuric acid. The solution was then extracted with ethyl acetate three times, resulting in all product malonic acid C 60 derivatives going into the organic layer, which was washed several times with water to extract any remaining contaminants. The ethyl acetate was then evaporated and the resulting powder lyophilized to remove residual solvent and water.
To produce P2 or C3lite, C3 was dissolved in acetonitrilewater (1:1) and heated to 60°C to produce sequential monodecarboxylation of the malonic acids to produce acetic acid groups. After about 1.5 hour of heating the P2 concentration was near maximal, and the reaction was stopped. To obtain C3lite heating was continued for 6 hours. Solvents were removed in vacuo, and the resulting solid products were redissolved in water. To obtain pure P2 or C3lite, the products of thermal decomposition of C3 were separated by preparative HPLC and collected be automated fraction collector. The HPLC was equipped with a Zorbax SB-C18 4.6X250 mm column maintained at room temperature. Solvents were 0.1% trifluroacetic acid (TFA) in water (solvent A) and 0.1% TFA in 95% acetonitrile and 5% water (solvent B). Samples were eluted from the column using a gradient from 40:60 (A/B) to 10:90 (A/B) over 15 minutes, with an additional 15 minutes at 10:90 (A/B). Compounds were monitored and identified by their UV-visible absorbance using an in-line diode array detector. Solvents were then removed in vacuo, and the resulting dry solid product stored at 4°C.
Nuclear magnetic resonance and mass spectroscopy were performed at the Washington University Resource for Biomedical and Bioorganic Mass Spectrometry to confirm identity and purity of the derivatives. Both conventional mass spectrometry with negative-ion analysis (increased sensitivity for negatively charged groups such as carboxylic acids), and electrospray mass spectrometry were used.
Neuronal cell cultures
Neocortical cell cultures were prepared from fetal (E15) Swiss-Webster mice (Simonson, Gilroy, California) as described. 13 Cortical hemispheres were dissected away from the rest of the brain and placed in trypsin (0.25%, Gibco, Carlsbad, California) for 15 minutes. The cortices were briefly centrifuged, the trypsin removed, and the hemispheres resuspended in plating medium, which consists of media stock (Eagle's Minimal Essential Media minus L-glutamine; Gibco 11430-022) with 20 mM glucose, 26.2 mM NaHCO 3 ), 5% fetal calf serum, and 5% horse serum (Hyclone, Logan, Utah) for pure neuronal cultures (b0.5% astrocytes). For neuron-astrocyte co-cultures, the same medium, supplemented with L-glutamine (2 mM) was used. After trituration, cell suspensions were diluted and plated onto a preexisting bed of mouse cortical astrocytes in 24-well Primaria culture plates (Falcon Co., Lincoln Park, New Jersey). Cultures were fed biweekly with growth medium (media stock with 10% horse serum, 2 mM Lglutamine), until the final feeding at day 12, when cultures were fed with media stock supplemented with 2 mM Lglutamine. Cells were used for experiments after 14 to 15 days in culture. All animal studies were approved by the Animal Welfare Committee of the University of California, San Diego, and were in accordance with the PHS Guide for the Care and Use of Laboratory Animals, USDA Regulations, and the AVMA Panel on Euthanasia guidelines.
Injury paradigms
Brief exposure to NMDA was carried out as described. 13 The culture medium was exchanged twice with HEPESbicarbonate-buffered balanced salt solution, and then NMDA (150 μM) was added alone, or with a C 60 derivative for 10 minutes. Exposure was terminated by exchanging the medium four times with media stock. The cells were returned to the 37°C (5%) incubator for 24 hours, after which injury was assessed by determination of lactate dehydrogenase (LDH) release, 30 and by visual examination of cultures by bright-field microscopy for degeneration of cell bodies, fragmentation of processes, and development of pyknotic nuclei.
EPR experiments
A Bruker e-scan benchtop EPR spectrometer was used to determine the concentration of superoxide generated through HX-XO metabolism and the scavenging by vitamin E. Mixtures containing variable vitamin E concentration (0-100 μM final) were incubated with XO (0.01 U/mL), HX (85 μM), and 35 mM 5-(diethoxyphosphoryl)-5-methly-1-pyrroline-N-oxide (DEPMPO) for 10 minutes before injection into the EPR cavity of a Bruker e-scan benchtop spectrometer via a Teflon tube with an inner diameter of approximately 0.4 mm. The EPR spectra were recorded using the following setting: receiver gain 1 × 10 3 , scan width 200 G centered at 3484.9 G, modulation amplitude 2 G, time constant 5.16 msec, modulation frequency 86 kHz, microwave power 5.04 mW, 5.24-sec sweep time, and the spectrometer's operating frequency 9.784 GHz. Each spectrum was the average of 10 scans.
Calculations and modeling
Molecular models, geometry optimization, and energy minimization for all molecules were carried out using MM2 force field provided by CS Chem3D Ultra Version 7.0 (CambridgeSoft, Cambridge, Massachusetts) and then verified and refined using CAChe WorkSystem Pro Version 5.04 (Fujitsu America Inc., Sunnyvale, California). Energy minimization of molecules, molecular properties, and electrostatic superdelocalizability potential maps were generated under the Project Manager environment using the following procedures. First, a thorough conformational search had been carried out within Mechanics using CAChe Augmented MM2 or MM3 parameters through the conjugate gradient method until the gradient was below 0.001 kcal/mol within 3000 steps. Then the unique minimum was fully optimized with MOPAC (PM3 force field). The PRECISE keyword was also used to increase the geometric and electronic convergence criteria. In some cases, the GEO-OK keyword was used to prevent calculation routines from unexpected termination. Finally, an electron-density isosurface map colored by electrostatic potential was accomplished by tabulating at an isosurface value of 0.01 e/Å 3 . Calculations for nucleophilic superdelocalizability included solvation effects of water (dielectric constant 78.4 and effective radius of 1.3 Å) simulated by COSMO (Conductor-like Screening Model). Superdelocalizability calculations by CAChe create isosurfaces that display areas in space where the frontier electrons are most likely to be found, depending on the attacking reagent energy. A good value for the reagent energy is one which is lower than the LUMO energy of the substrate and which approximates the energy of the reagent's frontier orbital. A value of -5 eV was estimated for the superoxide anion through energy level calculations using CAChe (Fujitsu America Inc.). Same procedure was applied to obtain the nucleophilic superdelocalizability of α-tocopherol.
Molecular docking studies of the native ligands and carboxyfullerenes into the binding pockets in NR1 and NR2A subunits of the NMDA receptor were carried out using the BioMedCAChe suite of algorithms. The x-ray structure of the ligand-binding core of the NR1-NR2A heterodimer subunit at 2.0-Å resolution in complex with glycine and glutamate was downloaded from the Protein Data Bank website(http://www.rcsb.org/, entry 2A5T). 31, 32 After correcting the crystal structure of NR1-NR2A protein complex for valency and hydrogen bonding, glycine or glutamate were re-docked into their identified pocket (defined to include all atoms and groups within 7 Å radii of the co-crystallized ligands) by holding the residues of the protein fixed and allowing the ligand to be flexible. The orientation and hydrogen bonding of the re-docked complex were close to that in the crystal structure, and the flexibility of the protein residues of the active site was consequently allowed. The docking scores were then calculated using a genetic algorithm (1500 generations) with a fast, simplified potential of mean force (grid spacing 0.3 Å). Native ligands were subsequently replaced with each of the studied carboxyfullerenes or known competitive inhibitors in the respective binding sites, and the docking scores were evaluated using the routine described above.
Results
Structures of carboxyfullerenes used in this study
In Figure 1 we provide the structural models of all of the six compounds used in the present study. These models were generated as described in the "Calculations and Modeling" section above. The selection of these compounds was based on structural variability that illustrates the functional dependence on two molecular structural aspects. First, the number of carboxylic acid groups attached to the fullerene moiety was increased from three to six in the order C3liteb bisEb P2b C3; second, the distribution of a fixed number of carboxylic groups over the fullerene was varied in the hexacarboxylic acid isomers (C3, E, and D3). Structural models of the carboxyfullerenes used in the present study. Molecular models, geometry optimization, and energy minimization for all molecules were carried out to arrive at the indicated structural models. The selection of these compounds was based on structural variability that illustrates the functional dependence on two molecular structural aspects: First, the number of carboxylic acid groups attached to the fullerene moiety was increased from three to six in the order C3lite b bisE b P2 b C3; second, the distribution of a fixed number of carboxylic groups over the fullerene surface was varied in the hexa-isomers (C3, E, and D3). The IUPAC nomenclatures of these compounds are: bisE, 3′H,3′′H-dicyclopropa [1,9:21,40 ]-(C 60 I h ) [5, 6] [5, 6] fullerene-3′,3′,3″,3″,3‴,3‴-hexacarboxylic acid.
Neuroprotective efficacy of carboxyfullerenes against NMDA toxicity in cortical neurons
To evaluate the effect of different carboxyfullerenes on NMDA receptor-mediated excitotoxicity, mouse cortical neuronal cultures were exposed to 150 μM NMDA for 10 minutes, with cell death assayed 24 hours later. Carboxyfullerenes were included only during the period of NMDA exposure. This is a commonly used paradigm to study excitotoxic neuronal injury through NMDA receptors, and to probe downstream events that contribute to the excitotoxic cascade. Figure 2 shows neuroprotection by C3 at 30 μM, demonstrated by bright-field photomicrographs 24 hours after NMDA exposure (Figure 2, A) , and by cell death as assayed by LDH release from degenerating neurons (Figure 2, B, C) . By constructing dose-protection curves for all compounds, it was concluded from Figure 2 , B that increasing the number of carboxylic groups enhances neuroprotective efficacy. That is, whereas 30 μM C3 (six carboxylic groups) was sufficient to completely block neuronal death, concentrations of up to 100 μM of C3lite (three carboxylic groups), bisE (four carboxylic groups), and P2 (five carboxylic groups) only partially blocked NMDA-mediated neuronal death. Neuroprotection was also dependent on the symmetry of distribution of the carboxylic groups over the C 60 core (Figure 2, C) , with more clustered malonic acid groups conferring better neuroprotection, in general. Values for the half-maximal inhibitory concentration (IC 50 ), and the concentrations at which each carboxyfullerene compound provided maximal neuroprotection are given in Table 1 . Values for α-tocopherol, the metalloporphyrin, MnTMPyp, and the spin-trap phenylbutyl nitrone, are included for comparison. Data in Figure 2 and Table 1 indicate that C3, E, and P2 are much more potent neuroprotective compounds than bisE, C3lite, and D3, and that all are more potent and effective than three commonly-used antioxidants, α-tocopherol, MnTMPyp, and phenylbutyl nitrone.
Efficacy of the different carboxyfullerenes against superoxide radical in vitro
A direct implication of the neuroprotection pattern observed with different carboxyfullerenes is that it seems to require not only an increasing number of carboxylic acid groups, but also specific positioning of these groups on the fullerene surface. In a previous article we reported that C3 is a potent antioxidant that eliminates superoxide radical catalytically. 26 Therein we suggested a mechanism in which C3 facilitates the superoxide dismutation through electrostatic stabilization of the negatively charged superoxide on electron-deficient regions of C3 in coordination with the carboxylic acid groups. Here we attempt to evaluate and compare the efficacy of the different malonic acid derivatives as superoxide-eliminating antioxidants. In doing this, our goal was to explore the structural criteria that may dictate the potency of a particular carboxyfullerene as an antioxidant in vitro and to eventually establish a correlation with its efficacy as a neuroprotective compound in neuronal cell culture.
Based on the observation that dismutation of superoxide by C3 is catalytic and is not due to direct scavenging of O 2 À d, we attempted to model the interaction between superoxide and each compound used in this study. Semi-empirical quantum-mechanical calculations were carried out to predict the electron distribution on the surface of each compound and for α-tocopherol as a control antioxidant. The mapping depicted in Figure 3 indicates the nucleophilic superdelocalizability contour, which is a measure of the susceptibility of each fullerene derivative to be attacked by a nucleophile (superoxide anion in this case). Each contour in Figure 3 can be seen as a qualitative indicator of the reactivity of the molecule toward O 2 À d, which is electrostatically driven toward electron-deficient areas on the C 60 surface (white/red regions, Figure 3 ). One should therefore expect that the larger the white/red regions on the C 60 surface, the more reactive the molecule toward superoxide radical will be. The carboxyl groups are important because they can stabilize Figure 3 , and for the sake of comparison, we also provide the superdelocalizability map for α-tocopherol. It seems that, in terms of the electrostatic drive, α-tocopherol is much less reactive toward superoxide radical relative to any of the studied carboxyfullerenes. This finding is important because, although α-tocopherol is clearly a highly effective chain-breaking lipid peroxidation inhibitor (10 6 M -1 s -1 ), 33 its low reactivity toward superoxide and lack of significant neuroprotective efficacy against NMDA supports the concept that superoxide elimination is key to neuroprotection.
The maps in Figure 3 confirm that regions around the malonic acid groups are the most electron-deficient areas and are therefore electrostatically attractive for the approaching superoxide anion. Charge distribution is however sensitive to the symmetry of each molecule as expected. As a result, the highest symmetry of the D3 hexa-isomer is associated with the least electronic detraction as a result of opposing charge withdrawal by equivalent malonic groups. In the case of C3 it is reasonable to conclude that the maximum number of malonic acid groups that are clustered in the vicinity of each other on the C 60 surface optimizes electronic, steric, as well as topological conditions to eliminate O 2 À d according to the proposed mechanism. It is important to note that the neuroprotective efficacies of the studied drugs ( Figure 2 and Table 1 ) qualitatively correlate with their superoxide affinity trend except in the case of bisE, which exhibits weak neuroprotection while seeming to possess widely spread electron-deficient regions. This anomaly can however be understood if we consider the factor of solubility of bisE as discussed below.
Kinetics and pH dependence of superoxide elimination by carboxyfullerenes
Next, we assayed the in vitro reactivity of each carboxyfullerene and of α-tocopherol toward O 2 d was determined using a microplate assay, 34 based on the SOD-inhibitable reduction of ferricytochrome c, 35 and followed as absorbance at 550 nm. [26] [27] [28] [29] [30] [31] [32] [33] [34] To confirm that carboxyfullerenes do not inhibit XO activity, we measured both purine metabolites and O 2 consumption during the reaction, and observed that even at 300 μM, C3 inhibited XO by less than 10%. The solubility of fullerenes is strongly dependent on the number of carboxylic groups and hence on the pH of the working solutions. Consequently, and to enhance the solubility of less hydrophilic compounds, we used thermal decomposition of SIN-1 as a second method to generate superoxide at higher pH values (8.5-10.5) 26 ; the results are shown in Figure 4 , A-C). The SIN-1 system provides another advantage, in that the decomposition of SIN-1 is controllable by both pH and temperature. This allowed control of the rate of superoxide generation and hence enabled us to perform kinetic and mechanistic studies at variable temperatures and pH values. Kinetic analyses and determination of k i and IC 50 values were carried out as described earlier. 25 A representative dose-response curve at pH 7.4 (phosphate-buffered saline, HX-XO system) in the case of C3 is given in Figure 4 , A, along with curves obtained using the SIN-1 system in glycine-sodium hydroxide buffer adjusted to pH values of 8.5, 9, 9.5, and 10. Similar curves obtained for D3 at pH values of 9, 9.5, and 10 are provided in Figure 4 , B to confirm that these compounds react with superoxide through the same mechanism. It is clear from Figure 4 (A, B) that carrying out the reaction at lower pH values was associated with systematic increases in the efficacy of the drug in removing superoxide as marked by decreased IC 50 values. In fact we observed an order of magnitude increase in the rate constant of the carboxyfullerene-superoxide reactions when the pH of the reaction medium was reduced by one unit. This relation was independent on the source of superoxide used and was more pronounced in the case of the hexa-isomers (Figure 4,  C) indicating the importance of shifting the carboxylic groups toward their neutral acid form as a prerequisite to augment the reactivity of the molecule against superoxide anion. Taken together, these observations support the suggested catalytic dismutation of superoxide by carboxyfullerenes, which seem to follow a similar mechanism albeit with different reactivity and hence variable kinetics. We also carried out a spin-trapping competitive EPR experiment to determine the rate constant of superoxide removal by α-tocopherol, and the results are given in Figure 5 . Other assays for superoxide determination such as those dependent on optical methods, including cyt c III assay and fluorescence readouts, are not accurate in this case because of turbidity artifacts caused by the lipophilic α-tocopherol when mixed with the aqueous assay medium. In this experiment, superoxide radical was generated by HX-XO system in phosphate-buffered saline at pH 7.4 in the presence of 35 mM DEPMPO, and the reaction mixture was incubated for 20 minutes at 25°C with different concentrations of α-tocopherol (0-100 μM). When competitive kinetics were applied on the results obtained through Figure 5 and using the reported k DEPMPO range of values of 4 to 58 M -1 s -1 (ref. 36 ), k α-toco was calculated to be in the range 0.35 × 10 4 to 5.8 × 10 4 M -1 s -1 versus superoxide. This is comparable with the value, for example, of k α-toco = 4.9 × 10 3 M -1 s -1 obtained for α-tocopherol incorporated into soybean and dimyristoyl phosphatidylcholine liposomal membranes. 37 We will use the upper limit of the estimated k α-toco approximately 6 × 10 4 M -1 s -1 against superoxide to compare with carboxyfullerenes in the Discussion section.
Carboxyfullerenes do not bind to the glutamate or glycine binding sites on the NMDA receptor: molecular docking calculations
We have previously reported that application of C3 or D3 along with NMDA does not decrease NMDA-stimulated 45 Ca 2+ influx into cultured neurons and does not reduce the immediate neuronal swelling induced by NMDA, 19,38 as would be expected by blockade of the NMDA receptor directly. However, to further eliminate the possibility of direct ion channel regulation by carboxyfullerenes, we examined the binding of all compounds in the glutamate and glycine active sites of the NR1 and NR2A subunits of the NMDA receptor and found that this binding is energetically unfeasible due to highly destabilizing steric blocking between the protein and carboxyfullerenes ( Figure 6 ). To validate our findings we calculated the docking scores for the native ligands-that is, glycine and glutamate, in their respective binding sites and those for their reported competitors NMDA, D-AP5, D-serine, and ACPC. 38 All of these compounds exhibited stabilizing interactions in their defined binding pockets as revealed by their exothermic binding scores, which indicate that our calculations can accurately predict the binding affinity of carboxyfullerenes. The calculated docking scores in kilocalories per mole were: glutamate, -69.3; NMDA, -76.8; D-AP5, -76.2; glycine, -27.6; D-serine, -46.0; ACPC, -16.6; carboxyfullerenes (all compounds) N +500. Taken together with our previous results, the current molecular docking calculations support the conclusion that the rescue from NMDA-induced neuronal death by carboxyfullerenes is not due to NMDA receptor blockade.
Reactivity toward superoxide and bioavailability determine neuroprotection
The results in Figures 2 through 4 and Table 1 indicate that both the number of carboxylic groups and their distribution are important in determining the efficacy of the drug. In Figure 7 we compare neuroprotective efficacy, the calculated dipole moments as indicators for reactivity trend toward superoxide, the in vitro rates of elimination of superoxide, and expected rate of cellular drug uptake based on their partition coefficients. It can be seen from Figure 7 that, with the exception of bisE, the neuroprotective efficacy increases with the number of carboxylic groups, moving from C3lite to C3. Although somewhat similar trends for both dipole moment and k i values were observed, we believe that more significant correlations between these parameters may be modified by other factors, such as rate of cellular uptake. Although the overall performance of each drug, including α-tocopherol, can be qualitatively explained in terms of these parameters, bisE represented an exception, in that it showed the maximum k i for superoxide, but less neuroprotection than expected. Its low hydrophilicity is expected to slow its ability to enter cells, and therefore, this anomaly may reflect lack of uptake into cells during the very brief (10-minute) exposure time.
When the number of carboxylic groups is kept constant in the hexa-isomer series, the hydrophilicity (inverse partition coefficient) was also constant as seen in the upper panel of Figure 7 . Under this structural constraint, the correlation between neuroprotection and the efficacy toward superoxide followed a clear decreasing trend in the order C3N EN D3. In this particular order, the drug's nucleophilic superdelocalizability maps clearly show decreased reactivity toward superoxide (Figure 3) , the dipole moment decreases, and the kinetics of superoxide removal become slower, whereas neuroprotection drops from 100% by C3 to 50% by E to virtually no protection by D3 at 30-μM doses (Figure 7 ). 
Discussion
The goals of the current study were three-fold: (1) to determine the structural requirements for neuronal protection by antioxidant strategies vis-à-vis in vitro reactivity toward superoxide radical, drug hydrophilicity, and dipole moment, using several benchmark antioxidants as references; (2) to determine whether neuroprotection against NMDA toxicity correlated with and was predicted by the k i-superoxide of the compounds; and finally (3) to provide a versatile panel of water-soluble, cell-permeable SOD mimetics, supported by structure-activity data, as tools to investigate the biology of superoxide more broadly.
NMDA receptor-mediated neurotoxicity is implicated in many human disease states including trauma, ischemia, epilepsy, and chronic neurodegenerative disorders such as Alzheimer's disease, Parkinson's disease, and amyotrophic lateral sclerosis. Excitotoxicity due to NMDA receptor overactivation can result in excess elevation of intracellular calcium and activation of subsequent events that lead to neuronal death. 39, 40 Although NMDA-receptor antagonists prevent neuronal injury in cellular and animal models, in humans their side effects, including nausea, vomiting, and memory impairment, have removed them as viable candidates for clinical applications. 41 Studies have shown that overactivation of NMDA receptors leads to oxidative stress, and compounds that possess antioxidant properties protect against NMDA neurotoxicity, although subsequent work on many of these compounds indicate that they may act through nonantioxidant mechanisms. One such study on the metalloporphyrin class of SOD mimetics indicated that neuroprotection by these potent antioxidant compounds does not correlate with their SOD activity, 20 and that compounds that had no antioxidant properties were also protective. Neuroprotection was attributed to the ability of the metalloporphyrins to limit delayed calcium dysregulation after NMDA receptor overactivation. Because this study also indicated that these compounds did not enter cells during the exposure period (30 minutes), the authors concluded that metalloporphyrins functioned at the plasma membrane to suppress intracellular Ca 2+ increases following NMDA receptor activation, and not through their actions as SOD mimetics. However, that these compounds, though potent SOD mimetics, were not cellpermeable revives the question of whether increased intracellular superoxide levels are critical to NMDA receptor-mediated injury.
In the present article we wanted to establish the criteria for an optimized carboxyfullerene antioxidant and to determine whether the observed neuroprotection is due to the elimination of superoxide radical. A set of six different carboxyfullerenes was synthesized, and their reactivity against superoxide radical was studied theoretically as well as experimentally. In the selected compounds we varied the functionalization to follow the dependence of reactivity on an increasing number of carboxylic acid groups attached to Figure 7 . A, Correlation between rescue from NMDA-induced neuronal death and calculated dipole moment, experimentally determined rate of superoxide elimination, and calculated hydrophilicity for each drug at 30 μM (100 μM in the case of α-tocopherol). Maximum protection shown by the C3 isomer is consistent with it having optimal hydrophilicity, symmetry, and a high rate of superoxide elimination. Although the overall performance of each drug, including α-tocopherol, can be qualitatively explained in terms of the parameters, bisE represented an exception, in that it showed the maximum k i for superoxide, but less neuroprotection than expected. Its low hydrophobicity is expected to slow its ability to enter cells, and therefore, this anomaly may reflect lack of uptake into cells during the brief (10 minutes) exposure time. B, Regression analysis indicates a good correlation (R = 0.85) between neuroprotective efficacy and k i for superoxide across isomers, with the exception of bisE, whose low aqueous solubility counterbalances its high k i . α-tocopherol is also included for comparison. the fullerene moiety in the order C3liteb bisEb P2b C3, and the distribution of a fixed number of carboxylic groups over the fullerene ball in the hexa-carboxylic isomers (C3, E, and D3).
We observed a significant correlation between the neuroprotective efficacy of different carboxyfullerenes and their SOD activities (k i ). Neuroprotection also correlated with the dipole moment. A clear exception to both of these is the bisE compound, discussed further below. The dipole moment is a property we previously suggested to be important to superoxide elimination by carboxyfullerenes based on electrostatic interaction between superoxide and the compound. 26 The high degree of correlation between neuroprotection and these two parameters, both of which predict efficacy as SOD mimetics, provide strong support for the view that superoxide radical contributes to NMDA receptor-mediated neurotoxicity. In addition to SOD activity, biophysical properties that predict the ability of compounds to enter and distribute throughout cells were also found to be associated with improved neuroprotection. The compounds that best highlight this relationship are C3lite, bisE, and C3, which show neuroprotection in the rank order C3N C3liteN bisE. Based on their k i values against superoxide alone, however, one would expect that neuroprotection would be in the order bisEN C3N C3lite. bisE is the least hydrophilic compound (other than α-tocopherol) and is predicted to have lower water solubility than the other carboxyfullerenes (confirmed experimentally). We have previously reported that the C3 and D3 compounds, which are actually less lipophilic than both the bisE and C3lite compounds, can intercalate into lipid bilayers. 19 Studies using an anti-C 60 antibody and western blot analysis 42 or immunocytochemistry 26 to detect C3 have shown rapid uptake and intracellular distribution of C3 into neurons, and specifically into mitochondria. 26, 42 Based on this, we believe that the bisE compound probably becomes "trapped" in the plasma membrane, with limited transfer into the more aqueous cell interior. C3lite, which also has a lower 1/Log P than C3, may likewise have slower uptake into intracellular compartments. Thus, the rate and degree of cell permeability may be optimized at a 1/Log P of approximately 0.15 and probably modifies the predicted neuroprotective efficacy of the carboxyfullerenes based on their SOD mimetic activities alone. Of note, we interpreted the lack of significant neuroprotection provided by α-tocopherol to suggest that lipid peroxidation, though an observed consequence of NMDA receptor overactivation, may be downstream of the point at which cells can be effectively rescued.
The C3 and D3 compounds have been shown to be neuroprotective in a range of in vitro injury models, including many that do not involve the NMDA receptor, 19, 43 and they did not block NMDA-stimulated 45 Ca 2+ influx. 19 Moreover, C3 compound, administered long term to mice, not only extended life span 27,28 but improved spatial learning and memory performance on the Morris water maze, 28 a task that is quite sensitive to NMDA receptor inhibition. However, to further confirm that neuroprotection was not through direct antagonism at either the glutamate-or glycine-binding sites, we carried out molecular docking calculations for all carboxyfullerenes and found that binding was sterically prohibited and thermodynamically highly unfavorable at both binding sites, as shown in Figure 6 .
In summary, molecular modeling and in vitro studies have been used to arrive at an optimum compromise between the SOD activity of carboxyfullerenes and their biophysical properties, and correlations between these parameters and neuroprotective efficacy were then established. Chemical features that enhanced the biological effectiveness of a carboxyfullerene included maximum number of carboxylic groups that are distributed as close to each other as possible, largest dipole moment, and significant solubility in water. Based on these factors, the C3 compound would be predicted to provide the greatest degree of neuroprotection, as was observed experimentally. Taken together, our results indicate that developing SOD mimetics with a high k i for superoxide, moderate dipole moment, and a balance between lipophilic and hydrophilic properties (i.e., 1/Log P of ∼0. 15-0.16 ) may be an attractive strategy for drug development for disease and injury conditions in which superoxide is involved. We believe these data also provide strong support for the idea that superoxide is an important downstream mediator of neurotoxicity triggered by NMDA receptors. Further studies should provide insights into how superoxide interacts with delayed calcium dysregulation and other pathways implicated in NMDA receptor-mediated neuronal injury. Finally, our results indicate that the malleability of fullerenes to functionalization can confer selected biological properties and biophysical characteristics, giving this class of molecules a unique ability to be adapted or tailored for specific biological applications and molecular targets.
